Relying on an adequate mathematical approach, two different mathematical procedures can be applied to the huge database produced during gas sorption isotherm experiments in order to obtain accurate data to be used in the industrial practice. To treat data determined from gas sorption isotherms without a careful mathematical support will produce inaccurate results, because all the determinations will be dependent on human decision. The minimum error reported since the first stage of a sorption isotherm determination, which corresponds to volume calibrations of reference and sample cells performed through the use of helium, will produce enormous inaccuracies on sorption isotherm behavior. These inaccurate behaviors may sometimes invalidate any Coalbed Methane recovery and CO 2 injection programs. The study consisted on investigating gas sorption isotherm accuracies determined during the first part of the sorption process, which is mainly conducted by monitoring the pressure decline with time, in the reference and the sample cells (when both cells are not in contact), until the stabilization stage is achieved. Three samples from two different coals were selected in order to study their gas sorption behavior, in terms of a clear mathematical approach, when submitted to three different gas compositions, viz. 99.999% methane (CH 4 ); 99.999% carbon dioxide (CO 2 ); and a gas mixture containing 74.99% CH 4 + 19.99% CO 2 + 5.02% nitrogen (N 2 ). Sorption experiments allow to conclude that the three samples present the same mathematical response during the first part of the sorption process. However, all gas sorption data (adsorption and desorption) collected from reference cell have a better fitting to a Modified Weibull Model, and all gas sorption data (adsorption and desorption) collected from sample cell respond in a trustworthy way to a Linear Regression Model. Confidence bands and prediction intervals (or bands) were also computed.
INTRODUCTION
CBM and CO 2 Geological Sequestration Prospection/Exploration Projects require performing several analyses in order to economically validate those programs (Carroll and Pashin, 2003; Cui et al., 2004; Gentzis, 2000; Grimston et al., 2001; Hamelinck et al., 2002; Harpalani et al., 2006; Karacan et al., 2009; Ozdemir, 2009; Pashin and Mclntyre, 2003; Wei et al., 2005; White et al., 2003; White et al., 2005; Yu et al., 2007) . However, some different approaches were developed in terms of analyses and their priorities. The laboratory were the work has been done follows the basic and fundamental studies in CBM prospecting/exploring of Lemos de Sousa et al. (2003) . This methodology comprises two sets of analyses: general analyses, such as: Total moisture and Moisture Holding Capacity analyses, Density, Proximate and Ultimate analyses, Petrographic analyses (Reflectance, Macerals, Microlithotypes, Carbominerites and Minerite), Mineral Matter content by low-temperature ashing, Chemical and mineralogical analyses of the mineral matter, Isotopic composition of produced gas, Palaeofacies of coal sedimentation; and specific analyses, such as: Gas content: Q 1 (lost gas), Q 2 (desorbed gas) and Q 3 (residual gas), Molar composition of the produced gas, Gas sorption (adsorption + desorption) isotherms, Detailed study of the Cleat System (Rodrigues et al., 2014) , Water produced with Coalbed Methane.
The present work deals with just one of the above mentioned analyses, gas sorption isotherms. In the past, this analytical technique focused only on measuring the maximum storage capacity of a coal seam. However, many experimental works were developed since then, and nowadays gas sorption isotherms act as a multidisciplinary technique in CBM and CO 2 Geological Sequestration Programs (Busch et al., 2006; Gruszkiewicz et al., 2009; Karacan, 2007; Kelemen and Kwiatek, 2009; Mazumder and Wolf, 2008; Rodrigues et al., 2011; Rodrigues et al., 2013; Yu et al., 2008) . In fact, more and more gas sorption isotherms can be used to study and to quantitatively measure several relevant parameters, in order to (Rodrigues et al., 2000) : estimate the maximum gas storage capacity of a coal seam in situ; estimate the actual volume of gas in situ; estimate the gas saturation degree of a coal seam by the difference between the maximum gas storage capacity and the actual volume of gas; estimate the gas diffusion coefficients at different pressures; estimate the gas stored composition at different pressures; estimate the volume of gas that will be released from the coal seam as reservoir pressure decreases; estimate the critical desorption pressure; estimate the coal density; estimate the coal volume; estimate the gas formation volume factor at different pressures.
To compute all the above mentioned parameters and at the same time to minimize experimental errors, gas sorption isotherms must be carried out in accordance with high accuracy standards (Dinis, 2010; Dinis et al., 2010; Rodrigues, 2002; Rodrigues et al., 2008a; 2008b) . The present work deals with the gas sorption isotherms accuracy through an explicit mathematical approach. Moreover, both databases of each pressure step collected from reference and sample cells were studied using two different mathematical models, i.e., on data generated through the re ference cell a Modified Weibull Model was applied, and on data produced through the sample cell data fit was accomplished using the Linear Regression Model. The application of both models was required due to the fact that values of the "gas content changes" (value of gas content 516
Increasing sorption isotherms accuracy: Weibull modelling and linear regression adsorbed and desorbed in each pressure step) have completely different behaviors in the reference cell and in the sample cell, and consequently the best curve fit corresponds to totally different shapes in each case.
SORPTION ISOTHERM
Sorption isotherms were conducted using a volumetric method, into a Boyle-Mariotte Law apparatus. This sorption isotherm apparatus was submitted to an isothermal bath equal to the real coal seam temperature. Data produced during all adsorption and desorption pressure steps, ranging from 0 up to 70 bar (1015 psi), were examined in detail. Our laboratory uses the Langmuir Model (equation 1), since it is considered the most accurate one for studying gas sorption process by coals.
(1)
where V is the gas content (scf/ton), P is the pressure (psi), V L is the Langmuir volume (scf/ton), and P L is the Langmuir pressure (psi). The experimental data accuracy depends on (Rodrigues, 2002) : achieving the stabilization stage at each pressure step during the adsorption and desorption processes, i.e., the adsorbed phase and the free phase must be in dynamic equilibrium, at a given temperature and pressure after sufficient time (each pressure step will continue until pressure changes less than 0.1 psi (≅6.9x10 -4 MPa) over a 30 minutes period); and calculating the gas formation volume factor at the above mentioned stabilized pressure steps, taking into account pure gases critical points and gas mixtures pseudocritical points.
To correctly understand the main gold of the present work it is pertinent to describe the sorption isotherm proceedings, consisting in the following 11 steps: (1) Placing the whole system into an isothermal bath; (2) Purging the whole system with helium; (3) Estimating reference cell and sample cell volumes by using helium; (4) Sealing the equilibrated moisture coal sample in the sample cell and introducing helium into the cells to determine the void volume in sample cell, the coal sample volume, and the coal density (this process is repeated four (six) times); (5) Purging the reference cell with the gas to be used in the test; (6) Charging the reference cell to a specific pressure; (7) Monitoring the pressure decline as a function of time, in reference and sample cells, until the stabilization stage is achieved (defined, in the present work, as the first part of the sorption isotherm test); (8) Opening the connection valve between the reference cell and the sample cell; (9) Monitoring the pressure decline as a function of time, in reference and sample cells, until the stabilization stage is achieved (defined, in the present work, as the second part of the sorption isotherm test); (10) Repeating the entire process for six (eight) times; (11) Performing the desorption process after the adsorption process is concluded by repeating the same 6, 7, 8, 9 and 10 above mentioned steps, but progressively decreasing the pressure.
EXPERIMENTAL CONDITIONS
In this study, two coals were selected with different petrographic characteristics, as shown in Table 1 .
To carry out gas sorption isotherms it is important to define and control the experimental conditions in order to minimize possible experimental errors (Rodrigues et al., 2000; Sakurovs et al., 2009) . All experiments were performed under the following conditions: isothermal bath of 35 ˚C (all the system is placed in a water bath in order to maintain a constant temperature during the whole gas sorption test procedure); Sample Moisture content must be equal to, or greater than, the Moisture-Holding Capacity (Rodrigues and Lemos de Sousa, 1999) (Table 2) ; Particle size of the sample less than 212 mm, and Mass weight ca. 100 g ( Table 2 ). Gas sorption (sorption isotherms were performed on samples A, B and C using CO 2 , CH 4 and a gas mixture, respectively) ( Table 2) .
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ANALYTICAL DATA
The present work deals with sorption isotherms accuracy determined in the first part of the sorption process (see Sorption Isotherms Remarks item). As already stated, due to the huge amount of experimental data and the need to obtain high accurate results it was decided to apply a truthfully mathematical approach on those sorption data. However, it was necessary to use two different curve fit on reference cell and sample cell data. In fact, the different behaviors observed in both cells are totally understandable and expectable. In the reference cell it was imposed a pressure change by charging (during adsorption process) or realizing pressure (during desorption process) in the cell, to a specific pressure defined for each pressure step, i.e., in the reference cell and in each pressure step a significant differential pressure was induced (Tables 3, 4 and 5) . On the contrary, in the sample cell the first part of the sorption process starts when the stabilization stage from the previous pressure step is achieved; consequently, no significant pressure changes occurred during this sorption process phase, determined in each pressure step, except the ones related to the dynamic equilibrium established between the coal sample and the gas sorption. Therefore, data obtained from reference cell fit to a modified Weibull model and data from sample cell to a linear regression model. Confidence Bands (CBs) and Prediction Intervals (PIs) are both used to study the best curve fit and the square correlation coefficient (R 2 ) to measure the degree to which two or more variables are associated (Kenney and Keeping, 1962) , thus measuring the strength of the estimated relationships. Given the assumptions of the two applied models, it is possible to be 95% sure that confidence bands enclose the true best curve fit, leaving a 5% chance that the true line is outside those boundaries. It is important to highlight the fact that anyway some data points will be outside the 95% prediction interval boundary. The prediction interval of 95% are further from the best-fit line than the confidence bands, a lot further if one has many data points. It is the area in which it is expect 95% of all data points to fall. 
The weibull model
The mathematical models and check pointing methodologies described in this paper have the main goal to provide a realistic, rigorous, and methodical approach to be applied to highly reliable performance data from a collection of a huge sorption isotherms database.
Weibull models have been used in many different applications and for solving a variety of problems from numerous research domains. The Weibull model was initially developed to describe the best fit of a given system submitted to different thermodynamic conditions over time (Weibull, 1951) . This model is very flexible owing to the inclusion of a shape parameter (β) in addition to the scale parameter (α), which allows its application to a number of diverse situations. It has also proved to have an interesting potential for describing microbial, enzymatic and kinetic mechanisms. The Weibull model was used by Brouers et al. (2005) , who used Weibull isotherms as a general term, to fit data of a number of activated carbons at different relative pressures, which corresponds in fact to micropore adsorption. The fitting procedure was considered to be much better than any other empirical formula.
In the present work, the Weibull model was adopted to study the reference cell data, since this model presents three main advantages: it has a smaller number of parameters; it has no discontinuity regarding the dependence of the scale parameter on temperature (since this model has been applied to isotherm tests), which makes it more suitable for pressure range data; it provides very good fits to the individual experiments, leading to a more refined fitting method to estimate the model parameters and the model validation.
The Weibull Model approach has been used for fitting isotherms, where isotherm parameters are adjusted to minimize the difference between experimental data and the corresponding isotherm simulated values. In the authors point of view to obtain a good Weibull Isotherm fit to experimental data and to evaluate its performance, implied to use the following sequence of processes: (i) the OriginPro professional data analysis and graphing software was applied to the huge amount of sorption experimental database collected by the BenchLink Data Logger software, (ii) Microsotf (MS) Excel solver package was used to identify initializing solutions for the Weibull parameters through the minimization of a sum of squared error (SSE) function; (iii) therefore, a hybrid optimization procedure that combines results generated using the MS Excel 520
Increasing sorption isotherms accuracy: Weibull modelling and linear regression solver package with the Levenberg-Marquardt nonlinear regression (Matott and Rabideau, 2008) obtained by OriginPro, was applied. The 95% confidence bands and prediction intervals were also computed using OriginPro. Our laboratory, taking into account the statement "Clarifying simple things end up complicated", adopted the Model I from the Murthy et al. (2004a; 2004b) work, i.e. the two-parameters Weibull Model, due to its simplicity, flexibility and since it does not show any discontinuity in parameters in the whole range of pressure tested. However, the Weibull equation (Murthy et al., 2004a; 2004b) was modified in order to include the initial pressure, since in our specific case real experimental data was used. This modification in the Weibull equation was pertinent to our study, due to the fact that it was necessary to use the real set of all experimental data in order to understand processes behavior occurred in the first part of the sorption isotherm test. Otherwise, to understand and to interpret what is happening during the isotherm process becomes too much difficult if the results were normalized, or transformed.
Therefore, the Modified Weibull Equation is described as follows:
( 2) where y is the pressure (bar), x is the time (s), P i is the initial pressure (bar), α is the scale parameter and β is the shape or form parameter. Three sets of adsorption and desorption curves on the reference cell obtained from the three sorption isotherms show a good fit to the modified Weibull equation (Tables  6, 7 , 8, 9, 10 and 11) . In fact, taking into account that sorption isotherm is a temperature independent process, i.e. the three experiments were performed in a constant temperature; it was possible to obtain the same general Weibull model fitting even when increasing and decreasing pressures were imposed. An interesting aspect demonstrated in the study it was that by using the Modified Weibull Model it is possible to confirm the overall sorption consistency profile even when the pressure value changes considerably from one pressure step to another pressure step.
The scale parameter (α) has the same effect on the function as a change of the abscissa scale. The scale parameter determined during the adsorption process (Tables 6, 8 and 10) shows the same general trend in sample A, B and C. It means that, in the tree samples, α presents high values in pressure step I, decreases in pressure step II and finally increases until the pressure step V. The great high values obtained in pressure step I are due to the gas expansibility effect when the empty reference cell (pressure ≈ 0 bar) is charged to a specific pressure (Tables 3, 4 and 5). From pressure step II until pressure step V, α shows a slight increase, which is probably induced by the gas compressibility factor, i.e., the gas compressibility factor raises with pressure increases. Yet, in sample A, α in pressure step V presents a considerably high value due to the high CO 2 compressibility factor (Fig. 1) . During the desorption process (Tables 7 -sample A , 9 -sample B and 11 -sample C) , α shows the same general trend as during the adsorption process. However, α reaches high values, due to the high expansibility characteristics of gases, i.e. the minimum changes by decreasing the pressure will produce enormous effects on gas physical properties. The rate between the gas volume (in terms of gas content) and the reference cell volume is very high and decreases strongly with pressure reduction. The Weibull shape parameter (β) or behavior index is also known as the Weibull slope. This is because the value of β is equal to the slope of the line in a probability plot. In fact, β is related to the kinetic mechanisms, in temperature independent conditions, which gives the model a wide flexibility, making it a good model to describe different kinetic reactions, as the case described in this text.
During the adsorption process, parameter β shows a general negative growth with pressure increase in the three samples, whereas β presents a general positive reduction with pressure decrease, during the desorption process. It means that adsorption and desorption curves stay close to the first minutes of the x-axis, at low pressures, and move towards the x-axis positive direction, at high pressures. This behavior takes place because kinetic mechanisms are stronger at higher pressures than at lower pressures. Again, the compressibility factor is the parameter responsible for this behavior.
Analyzing the square correlation coefficients (R 2 ) of each pressure step, during adsorption and desorption processes, of the three data sets, it is possible to conclude that the best result, i.e., the one that provides the best fit to the model, corresponds to the data set from sample C (CH 4 ), followed by the sample B (gas mixture) and finally by the sample A (CO 2 ). Yet, comparing adsorption and desorption processes, in the three experiments, it is also possible to confirm that the R 2 has always higher values in the adsorption process than in the desorption process (Tables 6, 7, 8, 9, 10 and 11) . The lower R 2 data detected during the desorption process, when using carbon dioxide, is due to the fact that the carbon dioxide has a higher expansibility effect (Fig. 1) than 
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Increasing sorption isotherms accuracy: Weibull modelling and linear regression the gas mixture and than the methane (Tables 7, 9 and 11). In fact, it can be said that the strength of the modified Weibull relationship in terms of R 2 , partially confirms the applicability of the model. Furthermore, the 95% confidence bands and prediction intervals calculated for all sorption data (Tables 6, 7 , 8, 9, 10 and 11) can confirm the above mentioned behavior of R 2 . During the adsorption and the desorption stages the ranges of CBs and PIs are narrower in sample C (CH 4 ), followed by sample B (gas mixture) and sample A (CO 2 ), which is clearly related with the gas sorption used. In fact, rather than only allowing taking conclusions relating the goodness-of-fit of the model, both upper and lower CBs and PIs specially emphasize the stronger scattering of the data, caused only by gas physical properties. Furthermore, the narrowest intervals of CBs and PIs are presented in the adsorption and not in desorption. This was also confirmed by the higher R 2 values obtained during the adsorption stage. 
Linear regression model
Linear regression is the process of fitting the best possible straight line through a series of points, by minimizing the sum of the squares of deviations between the points and the line. Linear regression is often used to reduce a set of experimental data to a simple mathematical relationship. The present model is applicable just to sample cell data obtained from the first part of the sorption isotherm test, when reference and sample cells are completely isolated from each other and the stabilization stage in the previous pressure step has been achieved at a given pressure (Tables 3, 4 and 5).
The Linear regression Equation is described as follows:
( 3) where y is the pressure (bar), x is the time (s), m is the slope and b is the interception point (the pressure value of the line when time is equals to zero). Analyzing the square correlation coefficient (R 2 ) calculated in each pressure step, during the adsorption and desorption processes of the three data sets (Tables 12, 13, 14, 15, 16 and 17) , it is possible to conclude that it is not possible to observe an obvious trend. The obtained R 2 values range from very high to very low ones. In sample B, for example, data in the adsorption pressure step I present a R 2 = 0.93535 and in the adsorption pressure step IV a R 2 = 0.00004. In sample C, for example, data in the desorption pressure step I present a R 2 = 0.01474 and in desorption pressure step III a R 2 = 0.79257. In fact, R 2 translates the interaction between the coal structure and the different gas sorptions, which is intimately related to gas kinetic movements and gas = + y mx b 526 Increasing sorption isotherms accuracy: Weibull modelling and linear regression saturation levels and consequently to pressure increase and decrease. Consequently, and in general terms, during the adsorption stage the higher R 2 values are obtained from sorption data determined from sample C, followed by data from sample B and finally by data from sample A. On the opposite process, the desorption stage, the higher R 2 values are obtained with data from sample A, followed by data from samples B and C. These effects are related to the high affinity of coal structure to CO 2 . During the adsorption stage those effects, associated to pressure increase, will cause the kinetic movements increase and therefore will produce low R 2 values. During the desorption stage the same affinity, associated in this case to pressure decrease, will induce the kinetic movements decrease. CBs and PIs are commonly used to indicate the reliability of an estimate study, thus upper and lower 95% CBs and PIs were computed to the linear regression model applied to the sample cell isotherm data (Tables 12, 13, 14, 15, 16 and 17) . Confirming the R 2 values obtained, it is possible to acknowledge that CBs and PIs are able to translate the high affinity between CO 2 and the coal structure. 
CONCLUSIONS
This paper deals with the determination of gas sorption isotherms, one of the techniques used in the scope of reservoirs modelling, accuracy, since under or overestimation of the sorption results can greatly influence CBM recovery and CO 2 injection project validations and consequently economically invalidate those programs. The present work aims to demonstrate the importance of conducting a gas sorption isotherm experiment using a mathematical accurate procedure in what concerns the treatment of the data. It is well-known that erroneous data acquisition and its subsequent data analysis can allow under or over-estimation of data and may, consequently, invalidate any CBM Exploration and CO 2 geological sequestration projects. In fact, it was confirmed that even during the primarily sorption isotherm phase, when both reference and sample cells were isolated, data acquisition and analysis must be conducted in a very rigorous way. When the two cells are completely isolated the gas behavior is absolutely different and totally independent in both reference and sample cells. As a result, the applied mathematical models, the modified Weibull model and the linear regression model, are also entirely diverse. In the reference cell the best data fit corresponds to a Weibull model and, in contrast, the best data fit corresponds to a linear regression model in the sample cell. Analyzing both model behaviors also implies to understand R 2 values, confidence bands and prediction intervals. It is possible to conclude that the Weibull model, the model applied to sorption data produced in reference cell, presents a much consistent pattern than the linear regression model, the model applied to sorption data produced in sample cell. This can be explained due to the fact that adsorption and desorption processes are controlled by different parameters in each case, reference and sample cells. In the reference cell the gas behavior depends on the physical properties of the selected gas and its response to the different pressure steps induced during the sorption isotherm experiment. Accordingly, during the adsorption and the desorption processes, the best data fit to 528
Increasing sorption isotherms accuracy: Weibull modelling and linear regression the Weibull model corresponds to the data set produced from sample C (CH 4 ), followed by sample B (gas mixture) and finally by sample A (CO 2 ). It is clear that this effect is intimately related to the high compressibility behavior of CO 2 . In the sample cell, other than accounting for the gas physical properties and its performance to different pressures, it is also necessary to take into consideration the interaction between the gas and the coal structure. Therefore, and in general terms, during the adsorption stage the higher R 2 values are obtained in sample C, followed by sample B and finally by sample A. On the opposite process, the desorption stage, the higher values are obtained in sample A, followed by sample B and then sample C. In this case, in addition to the high compressibility behavior of CO 2 it is also necessary to consider the CO 2 high affinity to coal structure.
